Objectives To examine the effects of installing a mechanical ventilation system at a riding-school stable on indoor air quality and human and horse airways. Methods The intervention was the installation of mechanical ventilation in a riding-school stable. Carbon dioxide (CO 2 ), ammonia, particles, horse allergen, microorganisms and endotoxins were measured in the stable. The stable-workers and riding-students completed a questionnaire and underwent the following tests: analysis of nasal lavage for inflammation biomarkers; levels of exhaled nitrogen oxide (NO); measurements of daily peak-expiratory flow (PEF). The horses were examined clinically by airway endoscopy and bronchoalveolar lavage (BAL) and were analysed for cytology and biomarkers. Results Levels of CO 2 were nearly halved and airborne horse allergen levels were markedly reduced (5-0.8 kU/m 3 ) after the intervention. A decreased level of ultrafine particles was observed (8000-5400 particles/cm 3 ) after the intervention, while total and respirable dust levels were mainly unchanged (200 and 130 lg/m 3 ). Levels of microorganisms in surface samples decreased following the intervention, whereas airborne microorganisms and endotoxin increased. There was no significant change in human symptoms, PEF-variability, exhaled NO or inflammatory biomarkers in the nasal lavage. In horses, the mean score of lower airway mucus was significantly reduced together with the mean level of expression of interleukin-6 mRNA in BAL cells after the intervention. Conclusions The installation of a mechanical ventilation system resulted in an increased air exchange rate, as demonstrated by reduced levels of CO 2 , ammonia, ultrafine particles and horse allergen. There was no significant clinical effect on human airways, but there was a tendency for reduced inflammation markers. The results on the horses may indicate less impact on their airways after the intervention.
Introduction
In intensive agricultural practices involving cows, pigs and poultry there is considerable evidence that farmers and farm workers, who spend large parts of their days in the barn environment, are at increased risk of developing respiratory diseases [1] [2] [3] [4] . In Sweden, farming is one of the occupations associated with the highest prevalence of asthma [4] . Farm buildings with confined housing of domesticated animals, regardless of the species, contain a wide variety of gases and organic dusts in the atmosphere, including microbes and the products thereof, such as endotoxins and 1-3-b-glucans [5, 6] .
It is well known that exposure to the organic dusts, microorganisms and endotoxins present in different farm animal stabling systems can cause chronic pulmonary diseases in humans [7] [8] [9] .
In industrialized countries, large numbers of people work in the equine industry, with many of these actively coming into close contact with horses. There are 28,000 full-time jobs in the equine industry in Sweden, and it has been estimated that 4.6 million Americans in the USA are directly involved in that country's equine industry (American Horse Council Foundation 2005: Economic impacts of the US horse industry). Many people spend a considerable amount of time each day in equine stable environments, either as employees involved in the care and training of horses or as a leisure activity (for example, 6% of the Swedish population).
Similar to other farming environments, horse stable air also contains a plethora of inorganic and organic particles that are potential airway allergens and irritants. Specifically, the organic portion that often originates from feed, bedding or manure or from growth on stable walls [10] , such as bacteria and fungi (e.g. Faenia rectivirgula, Aspergillus fumigatus) or their products, can be found in high amounts in the stable air [11] . Studies in conventional horse stables have shown that acceptable levels of endotoxin and 1-3-b-glucan, which may cause inflammation in human airways, are often exceeded [10, 12] . Until recently, however, the influence of equine stable air on human health has been relatively ignored.
Increased contact with horses has been related to an increased incidence of asthma and decreased pulmonary function in grooms [13] . Several recent surveys based on self-reporting data have also identified an increased risk of respiratory symptoms in people with high exposure to equine barn air [14, 15] . In addition to this risk to human health, indoor stable air is a well-established trigger of airway inflammation in horses with the asthma-like disease ''recurrent airway obstruction'' (RAO) [6] and even in clinically normal horses [16] .
To the best of our knowledge, no data have been published that relate detailed measurements of stable air quality and respiratory health measurements in stable personnel and horses in the same stable. We hypothesized that selected components of stable air environment measurements in horse stables could be correlated to indices of respiratory health in individuals spending a considerable amount of time in the stable environment as well as in the stabled horses. We therefore conducted an intervention study in which markers of respiratory health in people and horses, as well as stable air quality indices, were measured longitudinally before and after the installation of a mechanical ventilation system in a previously naturally ventilated stable.
The hypotheses that we specifically tested were:
1. The particulate and gaseous makeup of stable air would measurably differ from that of a naturally ventilated equine stable following the installation of mechanical ventilation. 2. The indices of respiratory health in stable personnel and in stabled horses would be measurably improved following the installation of mechanical ventilation in the stable.
Methods

Study design
Intervention
A balanced supply and exhaust ventilation system was fitted in a former naturally ventilated riding-school stable.
The supply air came in from the outer wall in the middle of the building and was distributed via outlets from the ceiling into 18 of 24 horse-boxes. The exhaust air was pumped out through a vent-canal placed in the middle of the stable corridor that passed up through the hay-loft to the top of the roof (Fig. 1 ). The ventilation system was scaled for occupancy of 25 horses, and the airflow was regulated by the indoor temperature and adjusted for a maximal flow of 2200 L/s under summer conditions and a minimal flow of 400-550 L/s during the winter at a temperature of 5°C in the stable. Measurements were performed three times within a 1-year period: in the winter before the intervention; in the summer before the intervention; in the following winter after the intervention (hereafter referred to as Round 1, Round 2, and Round 3, respectively). The installation of mechanical ventilation was performed in February the year after the first measurements (Round 1 and 2) were performed. Round 3 measurements (after the intervention) were performed in early April when the new mechanical ventilation system had been running-and personnel and horses had been exposed to these new indoor stable conditions-for 1 month. The evaluations (both before and after the intervention) consisted of hygienic measurements of indoor air quality and clinical examinations of both humans and horses.
Building
The horse stable, built in the 1920s, was run by a communal riding school. It was a concrete frame building with a concrete floor and metal roof (12 9 30 m 2 ), without supplemental heating or mechanical ventilation. The horseboxes were separated by wooden plank walls with upper There were four entrances to the stable; one at each end of the building and two on one of the long sides, of which one was used for removing manure while cleaning, and the other was used to take horses in and out to the adjacent riding hall. There was a loft above the stalls and under the roof where hay and straw were stored. The stable housed a total of 24 horses of mixed breeds. A normal day's activities at the stable consisted of the following. The boxes or stalls were mucked-out by stablepersonnel each morning after the horses had been taken outdoors. Fresh straw for bedding was taken down from the loft via a hole in the ceiling inside the stable and distributed to the boxes. Doors were generally kept open during the cleaning of the stable and during training sessions. Horses were fed three times a day (in the morning before going out to the fields, at midday when coming back to the stables prior to the training sessions and in the evening) with haylage and pelleted fodder. Riding classes were held between 4:00 p.m. and 9:00 p.m., which means horses were groomed and made ready for riding, and people and horses were coming and going on an hourly basis.
Hygienic measurements
At each of the three rounds, we carried out hygienic sampling on two successive days. In order to obtain peak exposure values, the samplings were conducted over a period of 4-7 h, beginning at 7:00 a.m., when routine morning activities were being carried out in the stable, such as cleaning the stalls, and continuing into the afternoon, when the horses were being fed, groomed and trained. Some overnight samples were also taken when all the horses were in the stables and doors were closed.
Real-time monitoring of carbon dioxide (CO 2 ), temperature, humidity, ultrafine particles and coarse particulate matter (PM 10 ) was made continuously for 30-37 h during the 2 days of sampling at each round. The sampling point was in the middle of the stable corridor. CO 2, temperature, and relative humidity (RH%) were logged every minute with a Q-Trak (model 8550; TSI, Shoreview, MI) up to 37 h.
Monitoring of ultrafine particles, defined as particles with a diameter of \0.1 lm (range 0.02-1 lm) was performed with a P-Trak (model 8525; TSI), logging data every minute over a period of 12-37 h. Measured data are presented as particles per cubic centimetre.
A DustTrak aerosol monitor (model 8520; TSI) was used to measure airborne dust concentration (ADC, particles \10 lm), which was programmed to log measured data every minute over a period of 28-37 h. Concentrations are presented as milligrams per cubic metre. All logged data were downloaded after sampling using TrakPro v3.33 software for data analysis. A graphical display of time versus temperature, RH%, and CO 2 or ADC and ultrafine particles, respectively, was constructed to provide a visual indication of the timing and duration of peak concentrations and their relation to activities in the stable.
Measurements of ammonia in the air were obtained using passive samplers during three different 24-h periods in 1 week. Samples were analysed at The Swedish Environmental Research Institute, Gothenburg, Sweden [17] . The values are expressed as micrograms per cubic metre and are the median of three samples. However, no sample was available for Round 1 because of the authors' unawareness of the method at the time.
Air sampling was performed with pumps (SKC, EightyFour, PA) for sampling of horse allergen, total and respirable dust, airborne microorganisms, and endotoxins. In general, three samples of each factor were collected at each sampling round. Pumps were adjusted for a flow of 2 L/ min for 4-7 h and placed approximately 1-1.5 m above ground level at three points in the stable corridor, one near to each end and one in the middle, immediately outside a stall, with the filter unit attached to the steel bars. Airborne horse allergen particles were collected with an IOM-sampler (SKC) equipped with a fluoropore membrane filter (pore size 1.0 lm, Type FA; Millipore AB, Sweden). Air samples were analysed for horse allergen levels using a two-site sandwich enzyme-linked immunosorbent assay (ELISA; monoclonal antibodies from Mabtech AB, Stockholm, Sweden) [18] and expressed as units per cubic metre, where 1 unit is equal to 1 ng protein of a horsehair, and dander extract was used as a standard (Allergon, Valinge, Sweden). The detection limit for the assay was 2 U/ml, which was the equivalent of 2 U/m 3 . Total and respirable dust in air was collected in a cassette with a 25-mm (pore size 0.8 lm) membrane filter. In the case of respirable dust, a metal cyclone (SKC) was placed before the filter cassette, and the pump was attached to the personnel's clothing or to the horse's back, with the inlet of the tubing in the breathing zone. All airborne dust samples were analysed by a gravimetric method and the organic proportion calculated after combustion of the filter and weighing of the remaining inorganic material (Occupational and Environmental Medicine Laboratory, Orebro University Hospital, Sweden). The detection limit was 0.1 mg/sample, and results are expressed as milligrams per cubic metre.
Samples of airborne microorganisms and endotoxin were collected on a cassette with a 25-mm sterile nucleopore filter (pore size 0.4 lm). Surface sampling (90 9 65 mm, 0.006 m 2 ) was performed using Scotch-brite on the outer wall of three stalls at about 1.5 m above the floor. The total concentration of airborne and surface moulds and bacteria were analysed with the CAMNEA method [19] based on acridine orange staining and epifluorescence microscopy (performed by Pegasus Lab; Eurofins Environment Sweden AB, Sweden). Species of viable moulds and bacteria were determined by incubation on two different media [20] . The incubation time was 7 days on both media and for all microorganisms with the exception of Streptomyces sp. for which the incubation time was 21 days. The detection limit for viable organisms was 30 colony forming units (CFU)/m 3 of air. For the analysis of endotoxin, the filters were extracted with pyrogen-free water and analysed at the Department of Clinical Microbiology and Infection Control, Uppsala University, using the kinetic turbidimetric method with the Limulus test (Cape Cod, MA and Endosafe (Charles River Endosafe, Charleston, SC). The results are expressed as EU per cubic metre.
Investigation of humans
At the start of this study the stable personnel comprised six women and one man and approximately 320 students between the ages of 7 and 18 years who were attending the riding school. Initially, all seven personnel agreed to participate. However, one male employee dropped out of the study during the first sampling round, and one female employee left before the second sampling round. For practical reasons, only students [12 years of age and who were at the stables at least several days a week were asked to participate. In total, seven students (6 girls and one boy) provided their own written consent to participate, after obtaining permission from their parents. Stable personnel and riding-students completed a questionnaire on the annoyance of dust and smell in the stable and on symptoms of eczema, eye irritation, nasal congestion and dyspnea. Lung function was measured by spirometry (Spirobank G; Mir, Rome, Italy) according to American Thoracic Society (ATS) standards [21] , and measurements of nitrogen oxide (NO; NIOX MINO; Aerocrine AB, Solna, Sweden) were performed on the days the hygienic measurements were being made. Subjects were instructed to make repeated peak expiratory flow (PEF) measurements using a Piko-1 electronic device (Medeca Pharma, Uppsala, Sweden) and forced expiratory volume in 1 s (FEV1) measurements four times per day for 2 weeks [22] .
Lavage of the nasal mucosa was performed by introducing 5 ml 0.9% sterile saline solution in each nasal cavity [23] . The biomarkers analysed in the nasal lavage fluid included eosinophil cationic protein (ECP) (a marker of eosinophil activity) [24] , myeloperoxidase (MPO) of the neutrophils in the mucosa [25] , lysozyme (a marker of neutrophil activity and secretion from parasympathetically innervated mucosal glands) [26] , albumin (a marker of capillary leakage of plasma proteins) [27] , interleukin (IL)-5 (a marker of eosinophil and Th2 activity) and interferongamma (IFN-c) a marker of Th1 activity [28] . ECP, MPO, lysozyme and albumin were analysed at the Department of Clinical Chemistry, University Hospital of Uppsala by methods described elsewhere [23] . IL-5 and IFN-c were analysed using ELISA kits according to the instructions of the supplier (R&D Systems Europe, Abingdon, UK) at the Department of Occupational and Environmental Medicine, University Hospital of Uppsala.
Investigation of horses
Of the 24 horses of different breeds in the riding-school stable, 14 were included in the study. The initial selection was based on the probability that they would remain in the stable during the entire 1-year study. However, ultimately only eight of these 14 horses remained during the whole study period [six mixed breed ponies and two warmblood horses, all geldings; aged 12.5 ± 2.7 years, mean ± standard deviation (SD); range 8-16 years]. All horses were examined at the riding school stable, and the tests included a clinical respiratory examination (pulmonary auscultation with and without re-breathing bag and cough provocation), routine blood sample analysis, upper and lower airway endoscopy and bronchoalveolar lavage (BAL) using a blind tube (Surgivet, Waukesha, WI) according to published methods [29] . The recovered BAL fluid was placed on ice; a 30-ml sample was removed for immediate processing for cytological examination using the cytospin technique as previously described, and the remainder was prepared and stored for quantitative real-time multiplex PCR analysis for IL-6, IL-8 and IL-10 mRNA at the Department of Cell and Molecular Biology, Uppsala University using the QuantiTect Multiplex PCR NoROX kit (Qiagen, Hilden, Germany). The PCR cytokine mRNA expression for individual horses was calculated in relation to a theoretic median value of 1 (DDC T = 0, 2 ÀDDC T ¼ 2 0 ¼ 1) [29] . The DC T value is the difference between the C T value for the Environ Health Prev Med (2011) 16:264-272 267 target gene and reference gene, and the DDC T value is the difference between DC T values that are compared in Fig. 3 .
Statistics
Hygienic measurements and clinical data were calculated as mean or median values and, where appropriate, with 10th and 90th percentiles. For particle data, the 98th percentile is also given. The Wilcoxon matched pairs test was performed to compare clinical parameters before (stable with natural ventilation) and after the intervention (stable with mechanical ventilation).
Ethics
The human study was approved by the regional ethics committee at the University of Uppsala, Sweden (Ups 03-649). The study on horses was approved by the Ethical Committee for Animal Experiments, Uppsala, Sweden (diary number C16/7).
Results
Hygienic effects of the intervention
The median level of CO 2 in the stable during winter season was reduced from 950 ppm before the intervention to 510 ppm afterwards (Table 1) . Before the intervention, the median summer value was 800 ppm. In Fig. 2 CO 2 is plotted over time for each round. Measurements for Round 1 were not complete within 24 h due to instrument malfunction. The 90th percentile for Round 1, 2 and 3 was 1280, 900 and 750 ppm, respectively; the 98th percentile for Round 1, 2 and 3 was 1410, 980 and 810 ppm, respectively. The median level of ammonia was reduced from 3200 lg/m 3 before the intervention to 1330 lg/m 3 after installation of the mechanical ventilation system (Table 1) . Relative humidity over 24 h varied between 40 and 84 RH% at the first winter sampling (Round 1) and varied between 58 and 97 RH% during the winter after the intervention; summer values ranged between 65 and 84 RH%.
The mean temperature in the stable at the winter sampling before and after the intervention was 8°C (range 7-15°C) and 8°C (range 6-12°C), respectively. At the summer measurement (Round 2) the mean temperature was 21°C both in the stable and outside.
No real difference was detected in total dust due to the intervention. Prior to the intervention, the median total dust level was 210 lg/m 3 in the winter and 220 lg/m 3 in the summer; in the winter following the intervention, it was 200 lg/m 3 . The median respirable dust level was also not reduced by the intervention, being 100 and 130 lg/m 3 in the winter before and after the intervention, respectively; the intermittent summer value was somewhat lower at 70 lg/m 3 . The effect of the intervention on the PM 10 level could not be evaluated at the winter sampling before the intervention due to a technical error. The summer value before the intervention was somewhat lower (53 lg/m 3 ) than the median winter value after the intervention (65 lg/m 3 ). The median level of ultrafine particles was reduced from 8000 particles (Pt)/cm 3 before the intervention to 5400 Pt/ cm 3 after the intervention. The median summer value was 1500 Pt/cm 3 . The 98th percentile for ultrafine particles showed the same pattern. The median horse allergen level in the stable air was 5170 U/m 3 the winter before the intervention, falling to 790 U/m 3 in the winter after the intervention. The median summer value before the intervention was 750 U/m 3 . The number of microorganisms on the inner wall surfaces fell after the intervention, with the number of bacteria falling from 110 9 10 5 -1.4 9 10 5 /m 2 and that of fungi, from 6. 
Effects of intervention on human health
The mean age of the stable personnel and riding-students was 34 (range 21-51) and 15 years (range 13-17 years), respectively. One student smoked. None of the employees or students reported asthma, but one employee had used asthma medication symptomatically before the intervention, but not thereafter. Two students reported suffering from hay-fever. Reports of smell-discomfort, annoyance to dust, eczema, eye irritation, nasal congestion and dyspnoea were unchanged after the intervention. The results of pulmonary function tests were within normal limits according to gender, age, weight and height [30, 31] . Daily PEF measurements were not significantly changed after the intervention among the stable personnel (Table 2 ). However, there was an increase, albeit not significant, in pulmonary function among the students (Table 2 ), with the mean PEF level increasing from 387 to 416 L/min and FEV1 increasing from 2.9 to 3.2 L/s. This is most likely due to the growth of the students. Exhaled NO values were low and remained at the same level on all three sampling occasions. The median level of inflammation markers in nasal lavage was not significantly altered after the intervention ( Table 2 ).
Effects of intervention on equine health
In horses, the accumulation of mucus (mucus score according to Gerber scale [32] ) was significantly reduced in the winter after the intervention compared to the first winter sampling (p = 0.036) ( Table 3) . Haematology revealed only minor variations that had no clinical relevance. Results from the cytological tests on the BAL showed a slightly increased percentage of neutrophils in two horses after the intervention, of which one also had increased respiratory rate and respiratory sounds. The PCR expression of IL-6 mRNA in BAL cells was significantly lower in the winter after the intervention than in the winter before the intervention (Fig. 3) . Ultrafine particles
In stable 8000 (5100-13,000) 1500 (900-1900) 5400 (3000-9000) Pt/cm CFU Colony-forming units, PM 10 particulate matter with a diameter \10 lm, na data not available Round 1 was carried out during the winter before the intervention-no mechanical ventilation present; Round 2 was carried out during the summer before the intervention-no mechanical ventilation was present; Round 3 was carried out during the winter after the interventionmechanical ventilation had been installed 
Discussion
The installation of a balanced mechanical ventilation system with supply and exhaust air resulted in reduced levels of CO 2 , ammonia, ultrafine particles and horse allergen. The fact that the CO 2 level was halved shows that the installation of mechanical ventilation was effective in improving the air quality in the stable. The effect of this intervention was evaluated by comparing two successive winter samplings. We also compared winter values with summer values, which may in many cases, be the best values anticipated in this stable. 
PEF peak expiratory flow, FEV1 forced expiratory volume in 1 s, NO nitrogen oxide, ECP eosinophil cationic protein, MPO myeloperoxidase, IL interleukin, IFN interferon a Nasal lavage was not performed on the students b PEF and FEV1 are the mean of repeated measurements ± the standard deviation (SD) made during a 2-week period We choose to compare values before and after the intervention during the winter season, when the indoor climate in a stable is generally at its worst. In winter, it is cold and damp outside, which means that natural ventilation in a stable is kept at its lowest, with closed doors and windows [33] . Following the installation of mechanical ventilation, the air exchange rate was increased to at least 400-500 L/s at the lowest indoor temperature of about ?5°C. This means a much better exchange rate than can be expected with natural ventilation. The flow has to be reduced at low outdoor temperatures (i.e. -10 to -20°C) to prevent the indoor temperature from falling below zero. It is too costly to warm up the supply air in a stable, which is why ventilation systems are run in this manner in a cold climate, such as in Sweden.
Since the mechanical ventilation was running 24 h/day and automatically regulated by the indoor temperature in the stable, with a maximum airflow (2200 L/s) at high temperatures, i.e. during the summer, and a minimum flow (400 L/s) at 5°C, the ventilation system was running at a low capacity during the second winter sampling (Round 3) as the mean temperature was 8°C. This could explain why some hygienic measures showed greater seasonal effects than the comparison before and after the intervention and indicates that summer values were sometimes lower than winter values (Round 2 \ Round 3) despite the use of only natural ventilation. Another explanation for why the measurements of dust, microorganisms and endotoxin were not reduced by the intervention could be because most hygienic measurements were made during peak exposures, such as cleaning and feed delivery. Peak values are probably less affected by low-to moderate ventilation rates. However, PM 10 particle levels were low compared with those reported for other stables and pig farms [1, 12, [33] [34] [35] , with median values ranging between 53 and 65 lg/m 3 in our study. It is well known that there is a substantial measurement error and also a large day-to day variability in many hygienic measurements [36] .
None of our subjects reported a diagnosis of asthma. However, one of the stable personnel reported the use of asthma medication before-but not after-the intervention, implying a better quality of air after the installation of the mechanical ventilation. Two students reported hay-fever, but none of the personnel. In a previous study, we described a possible disregard among stable personnel having respiratory problems [10] . In the present study, we found a status quo regarding reported symptoms and airway measurements in personnel and students. These results might be anticipated among a relatively healthy study population with environmentally-related symptoms being better than expected.
In horses, decreased tracheal mucous was the strongest indication of reduced airway inflammation after the intervention. Cytokine IL-6 is a pre-inflammatory marker and indicator of exposure to the stable environment per se. The expression of IL-6 mRNA can be associated with increased mucus secretion due to the stimulation of mucin genes, such as MUC5AC, in horses [37, 38] . Therefore, a decreased amount of mucous in the trachea together with a lower expression of IL-6 mRNA in BAL cells may indicate an improvement in the health of the horse's airways after the intervention. However, after the intervention, one of the eight horses had an increased respiratory rate and respiratory sounds. This horse, together with another horse, had a mild elevation in BAL neutrophils after the intervention (Table 3) .
In summary, the overall clinical outcome in horses indicates less airway inflammation. Why this was not observed in humans could be due to the fact that horses spend substantially longer times in the stable.
Conclusions
Hygienic measurements showed an increased air exchange rate, verified by reduced levels of CO 2 , ammonia, ultrafine particles and horse allergen. Taken together, these results indicate an improved air quality. No significant effects were observed in humans, but there was a tendency towards reduced inflammation markers. The overall clinical effects in horses may indicate a lower impact on the airways after the intervention. 
